Historical Background
Research into species' responses to climate change has progressed from documenting ecological changes over time to using statistical analyses and models to attribute the response to physical drivers. Efforts to quantify past responses to climate change are being increasingly accompanied by efforts to predict future responses (Pettorelli 2012) . Research is shifting from relying on correlation for predicting responses to building models that address the underlying mechanisms. Forecasting techniques are moving beyond predictions focused on the static environmental niches of single species to include species interactions (Kareiva, et al. 1993) , dispersal limitations, and evolution. Studies are extending beyond focusing on responses to mean temperatures to additionally considering changes in variability and the incidence of extreme events. Research is also shifting to examine the interaction of multiple physical drivers. This progression has been enabled by the increased availability of climate data; the development of databases compiling species localities, traits, and phylogenies; and improved computational tools.
Kareiva, P. M., J. G. Kingsolver, and R. B. Huey, eds. 1993 Offers a perspective on past progress and future challenges in understanding ecological responses to climate change, with an eye toward mitigating climate impacts.
Exposure
The magnitude of climate change will vary considerably across locations and seasons. While the magnitude of temperature change is likely to be greatest in the temperate areas, approaches summarized in Tewksbury, et al. 2008 suggest that organisms adapted to more-constant tropical climates may be more sensitive. Reviews in Easterling, et al. 2000 and Smith 2011 illustrate that increases in the incidence of extreme events can have a greater impact on species than shifts in mean conditions. A central challenge for predicting biological impacts was revealed in analyses in Williams, et al. 2007 , finding that much of the Earth will experience novel climates by 2100. Early-21st-century analyses have focused on translating climate metrics intro metrics relevant to organisms. Analyses of how fast organisms would need to move geographically and seasonally to keep pace with climate change, such as in Loarie, et al. 2009 and Burrows, et al. 2011, highlight Examines the rates at which species would have needed to shift through space and time to keep pace with climate change over the past fifty years. The study finds that rates are spatially variable and are comparable on land and in the ocean despite lesser ocean warming. Reviews how marine systems are responding to increased temperatures and decreased pH, including declines in ocean productivity, shifts in species distributions and food web dynamics, and increases in the prevalence of disease. A meta-analysis of time series for diverse taxa, finding that 80 percent of species shifting their phenology in response to climate changes are doing so in the direction expected on the basis of physiological constraints. Barry, et al. 1995; Moritz, et al. 2008; and Tingley, et al. 2009 , is to repeat historical surveys. Half of montane small-mammal species shifted their distribution upward during a roughly 3°C increase in minimum temperatures since the early 20th century. Species' responses were idiosyncratic, but low-and high-elevation species tended to experience distribution expansions and contractions, respectively. Three-quarters of the range shifts among marine species were found to be poleward, consistent with expected responses to climate change. Range shifts were observed to occur more rapidly in oceans than on land. Climate-associated range shifts are compared to species introductions. Proposes an ecophysiological framework to evaluate how climate drivers influence disease prevalence and impact. Demonstrates that declines in Soay sheep body size that were associated with environmental change results from decreased growth rates rather than phenotypic selection.
ADAPTATION AND ACCLIMATION
A review in Gienapp, et al. 2008 highlights that studies are increasingly providing evidence of organisms responding to climate change via acclimation and adaptation. One example of historical data evidencing phenotypic shifts over time is provided in Karell, et al. 2011 . Replicating experiments across decades can reveal genetic changes (van Asch, et al. 2013) , and quantitative genetic experiments can demonstrate selection underlying phenotypic shifts (Anderson, et al. 2012 ). Rubidge, et al.
2012 provides an example of how genetic changes can be detected by comparing historical and modern specimens. Hofmann and Todgham 2010 reviews the numerous physiological mechanisms by which organisms may respond to climate change. Documenting such processes is challenging. However, using empirical data to define the parameters of evolutionary models, as exemplified by Gienapp, et al. 2013 , can estimate the extent to which plasticity and adaptation will enable tracking climate change. Lau and Lennon 2012 provides an example of how the evolution of interacting species with rapid life cycles may influence responses to environmental change. A grassland-warming experiment reveals how species interactions can alter responses to climate change and how the balance of direct and indirect effects can vary over time.
Vulnerability and Conservation
Ecologists have long outlined characteristics expected to confer sensitivity to climate change, but these vulnerability frameworks have seldom been tested. Key aspects of sensitivity, incorporated in a framework in Williams, et al. 2008 , include biotic vulnerability, exposure to climate change, potential evolutionary and acclimatory responses, and the potential efficacy of management strategies. Huey, et al. 2012 reviews how organismal characteristics can serve as proxies for difficult-to-quantify aspects of vulnerability related to behavior, physiology, and adaptation. Early-21st-century attempts to examine how distribution and phenological shifts are conserved across phylogeny and functionally similar species, compiled in Buckley and Kingsolver 2012, have achieved mixed success. An analysis in Angert, et al. 2011 reveals that species traits tend to predict a modest, but significant, percent of the variation in the magnitude of species' responses. Davis, et al. 2010 demonstrates that phylogeny can provide an effective proxy for traits, such that closely related species may respond similarly to climate change because of having phylogenetically conserved traits. Improving understanding of species vulnerability to climate change is facilitating conservation planning to maintain biodiversity (Dawson, et al. 2011) in the face of uncertainty (Lawler, et al. 2010 
